A methodology of selection of frothers for flotation process is presented in the paper. It is based on performing a series of fractionating flotation tests of a considered material at different doses of a selected frother and calculation of the mass balance of the process. Next, three steps are performed. The first one is determination of the frother dose and kinetic constant or specific rate, using the flotation limits plot relating maximum recovery and process rate, both at a selected maximum recovery of the considered material component. The second step is finding selectivity of separation by using the upgrading Fuerstenau plot, while the third element is frothers comparison plot in the form of selectivity versus process kinetics, at a selected maximum recovery, and also versus frother dose, for choosing the most suitable frother.
Introduction
Frothers play a vital role in flotation of ores, wastes and byproducts. Their role is to form froth and modify the properties of films between solid particles and bubbles as well as between bubbles [1, 2, 3, 4, 5, 6, 7] . Action of a frother depends on the type of material subjected to flotation. Literature data indicate that for highly hydrophobic solids frothers can sometimes be harmful while for medium hydrophobic is very effective and for weakly hydrophobic and hydrophilic is usually neutral [8] . In flotation other reagents are used, especially collectors. Their main role is to regulate hydrophobicity of the processed material, though some interactions between frother and collector take place [9, 10, 11] .
There are many classification of frothers which are used for evaluation flotation frothers. According to Bhattacharya and Dey [12] presently no accepted criteria for selection of frothers exist. Common sense suggests that the essential parameters which should be used for selection of frothers for industrial application are frother dose, flotation rate and process selectivity. These three parameters determine the cost of the beneficiation process. Therefore, the goal of this work is to propose a methodology which can be used for determination of the three essential process parameters, that is selectivity, power and kinesis provided by a frother in the solids/water/gas system during flotation process. Three plots will be used for this purpose, that is flotation limits graph, Fuerstenau upgrading curve and comparison relation.
Mass balance of a hypothetical flotation process
The base of all mineral processing considerations is the mass balance. The mass balance of a process can be calculated utilizing the grades of the feed ( ), flotation concentrates ( ) and tailings ( ). The formulas for calculation of concentrate yield is: , ( 1 ) for recovery of a considered component in concentrates is , (2) while for recovery of remaining components in the tailing
The mass balance of a hypothetical flotation process in which frother 1 was used is given in Table 1 . 
Determination of kinesis of flotation and frother dose
Frother must provide appropriate rate of the flotation process at a reasonable dose during the process. To determine both the frother dose and process rate, a series of flotation experiment at different doses of frother ought to be performed. Next, a separation balance should be performed as shown in Table 1 . The mass balance is good base for plotting the recovery versus flotation time, which is presented in Fig. 1a . The experimental data are further processed by approximation of the experimental data with a mathematical equation having one fitting parameter as shown in Fig.1a . Very useful are the first order kinetic equations, both in differential and integral forms. The equations for the specific rate (v) and rate constant (k) are given in Fig. 1a . Index 1 for k indicates that these parameters follow the 1 st order kinetics. Both v1 and k1 are numerically identical, though the specific rate is a more informative parameter because it has a physical meaning, that is indicates the speed of the process in the form of amount of solids of the considered component in concentrate per amount of solids in the flotation cell per unit time. Other kinetic equations can also be used [13, 14] .
The kinetic plot (Fig. 1a) provides two parameters, that is maximum recovery ( max) and a constant (v or k) along with information at what frother dose (C) they were obtained. Next, the limits flotation curve [14] can be plotted as shown in Fig. 1b . The limits flotation curve indicates the maximum recovery max that can be obtained at a specific flotation rate (v or k) and frother dose C. The advantage of the limits flotation curve is that one curve characterizes a flotation frother with just one curve. The course of the line can be approximated with an equation which is given in Fig. 1b . Since the goal is to compare different frothers, it is useful to draw the limits flotation curves for all of the considered frothers (Fig. 1c) . The dose of frothers (C max) depends on the required maximum recovery, which is equivalent to a certain specific rate of the process. It is useful to set up the level of the maximum recovery. In Figure 1c two levels (50% and 90%) are indicated. The value of k (or v), at a certain level of max, is called the kinesis of the process k max [15] . If necessary, an addition plot can be created to determine precisely the dose for each frother at certain max (Fig. 1d) . Thus, the limits flotation curve provide the dose and kinetics (kinesis) of the process.
Determination of selectivity of flotation and frother dose
The selectivity of flotation and also the frother dose can be determined with the help of the upgrading plot, that is graphs relating quality and quantity of the separation process products. Very useful for this purpose is the Fuerstenau upgrading plot, relating recovery of a flotation feed component in flotation products [16, 17] . There are four versions of the Fuerstenau upgrading curve [5] . The most useful modification is the one relating recovery of the considered component in concentrate versus recovery of the remaining components in the tailing r. The procedure of determination of the frother selectivity and dose, starts with the same mass balance of the process experimental data (Table 1) . Next, the Fuerstenau plot is drawn (Fig. 2a) . The experimental data has to be approximated with appropriate mathematical equations [18] . The most frequently used is the equation with one fitting parameter a. It has three forms:
In this paper selectivity parameter F is used, as shown in Fig. 2a .
The Fuerstenau curve provides two parameters [19] : power (P), and selectivity of the frother (F). The dose of frother depends on the criterion imposed on the flotation system. Since the frother dose (C max) has been already established by means of the limits cure for max=90%, this parameter can be marked, as shown, in Fig. 2a . Another option is to read-off the frother dose from Fig. 2a at the cross point of the upgrading curve with the ascending diagonal. This parameter is called frother power (P). a) b) Fig. 2a . Procedure of determination of selectivity F (%) and power P (g/t) of flotation frothers using the Fuerstenau upgrading curve [19] . If used, the concentration of collector is constant. Fig. 2b . A proposed graph for comparison of three parameters (kinesis k90, selectivity F, and dose C90) of each frother.
Comparison of frothers
Once the three most important flotation process results parameters, that is kinesis, dose (power) and selectivity of different frothers are determined, they can be compered for decision making purpose, leading to proper frother selection. Figure 2b represents a proposition of such a graphical comparison method. According to Fig. 2b , hypothetical frother 1 is faster (greater k90), has a smaller dose (C90) and better selectivity (greater F) than frother 2. Thus this frother should be selected for the planned flotation process. In more complex cases, additional criteria may be needed for the final frother selection.
Conclusions
A selection of a frother for flotation process is possible by using three plots, that is limits plot used for determination of the frother dose and kinesis, the upgrading plot for selectivity determination and finally a comparison plot for a final decision. 
